ZnO is attracting considerable attention for its possible application to light-emitting sources due to its advantages over GaN. We review the recent progress in the growth of ZnO epitaxial films, doping control, device fabrication processes including etching and ohmic contact formation, and finally the prospects for fabrication and characteristics of ZnO light-emitting diodes.
Introduction
Zinc oxide (ZnO) is a II-VI compound semiconductor with a hexagonal wurtzite structure. Recently, ZnO has attracted much attention for its application in various fields such as UV light-emitting devices, varistors, transparent high power electronics, optical waveguides and solar cells [1, 2] . In particular, ZnO has been considered as promising materials for short-wavelength optoelectronic devices because it has a direct bandgap of 3.3 eV and a low threshold voltage. ZnO also has a number of advantages over GaN, the wide-bandgap semiconductor currently utilized in the short-wavelength optoelectronics industry. Some of these advantages include a large exciton binding energy (∼60 meV), a higher radiation hardness, simplified processing due to amenability to conventional chemical wet etching and the availability of large area substrates at relatively low material costs [3, 4] .
However, despite the great potential of ZnO in electron and photonic applications, there are few device applications because it is difficult to obtain good and reproducible p-type ZnO. In fact, the achievement of perfectly reproducible p-type doping in ZnO films still remains a question of long standing. Therefore, the reproducibility of the p-type conductivity in ZnO is the main issue at present in these research fields [5] .
Most attempts to achieve p-type doping have experienced difficulties due to the compensation effect by a large background electron concentration [6] [7] [8] . A number of groups have been trying to realize p-type ZnO where nitrogen (N) is commonly used as an acceptor dopant [9] [10] [11] . Yamamoto et al [10] studied the effect of N as an O-substituting species by using ab initio electronic band structure calculations and found that N should act as an acceptor in ZnO. They concluded that co-doping with Al, Ga or In could enhance the incorporation of N acceptors and lower the resistivity of the film. Currently, the common approach of p-type doping is via co-doping of N and Ga in ZnO. In addition to co-doping methods, it has been reported that p-type ZnO can be grown by using As or P species as a dopant [5, 12] .
Thin film growth techniques of ZnO are not as good as those of III-nitride yet. However, the MBE technique can grow ZnO thin films of good optical and structural qualities with a carrier concentration of ∼10 17 cm −3 and a mobility of ∼150 cm 2 V −1 s −1 [13] . There have been several reports on high-quality ZnO thin films grown by pulsed laser deposition (PLD) and chemical vapour deposition (CVD), but more progress is required compared with those of molecular beam epitaxy (MBE) [14, 15] . As far as CVD is concerned, the high pre-reaction rate of Zn and O precursors obstructs the improvement of quality of ZnO thin films. Therefore, trials are being undertaken to find the best precursors for optimizing the growth process [16] . Sputtering, an easy and economic process, has been adopted for the growth of polycrystalline ZnO thin films. Although new sputtering methods and various works for optimization of film growth were reported for the improvement of film quality, sputtered films are still of poor quality for optoelectronics [17, 18] .
In terms of device processing, the formation of low resistance and thermally stable ohmic contacts is very important in realizing high-performance ZnO-based optoelectronic devices. In addition, the etching process for a high etch rate, a high selectivity over mask materials, a high anisotropic etching profile and smooth sidewalls are widely investigated to realize ZnO-based optoelectronic devices.
In this paper, we introduce the properties of ZnO as well as review the recent progress in ZnO research. The present review is focused mainly on the practical aspects of doping, processing and device fabrication. The organization of this review is as follows: first, the growth of undoped, n-and ptype ZnO is described in section 2. This is followed by device processing of ZnO in section 3. Section 4 is devoted to ZnO based light-emitting devices.
Doping of ZnO

Undoped ZnO
ZnO with a wurtzite structure is naturally an n-type semiconductor because of a deviation from stoichiometry due to the presence of intrinsic defects such as O vacancies (V O ) and Zn interstitials (Zn i ). Undoped ZnO shows intrinsic n-type conductivity with very high electron densities of about 10 21 cm −3 [19] . It is experimentally known that unintentionally doped ZnO is n-type, but it is still controversial whether the Zn i and V O are donors. The first-principles study suggested that none of the native defects show high concentration shallow donor characteristics [20] . Look et al [21] suggested that Zn i rather than V O is the dominant native shallow donor in ZnO with an ionization energy of about 30-50 meV. It has also been suggested that the n-type conductivity of unintentionally doped ZnO films is only due to hydrogen (H), which acts as a shallow donor with an ionization energy of about 30 meV [20, [22] [23] [24] . This assumption is valid since hydrogen is always present in all growth methods and can easily diffuse into ZnO in large amounts due to its large mobility. First-principle calculations also suggested that unintentionally incorporated hydrogen acts as a source of conductivity and behaves as a shallow donor in ZnO [25] .
RF magnetron sputtering.
One of the most popular growth techniques for early ZnO investigations was sputtering (dc sputtering, rf magnetron sputtering and reactive sputtering). As compared with solgel and chemical vapour deposition [26] [27] [28] , magnetron sputtering was a preferred method because of its low cost, simplicity and low operating temperature [29] . Figure 1 shows schematically the essential arrangements for rf sputtering with a capacitive, parallel-plate discharge. The power supply is a high voltage rf source. 13.56 MHz is often used. The mean ion current density to the target is on the order of 1 mA cm −2 , while the amplitude of the total rf current is substantially higher. A blocking capacitor (C) is placed in the circuit to optimize power transfer from the rf source to the plasma. The dimensions are nominally the same as in dc sputtering.
RF sputtering offers advantages over dc sputtering; for instance, lower voltages and lower sputtering gas pressures may be used, with higher deposition rates. Sputtering of an electrically insulating target becomes possible. The plasma is created and maintained by the rf source, by the same Figure 1 . In rf sputtering, there are typically a small area cathode (target) and a large area anode substrate, in series with a blocking capacitor (C).
atomistic processes which occur in a dc discharge. Although sputtering has advantages that include a large area deposition and high growth rate, the poor morphology and low structural and optical quality of sputtered ZnO films have restricted the sputtering to polycrystalline applications until Kim et al reported on heteroepitaxial ZnO epilayers on sapphire [5, 30] and Nahhas et al reported on a ZnO epilayer grown on Si using a GaN buffer [31] . To overcome the disadvantages of conventional sputtering, a new sputtering method, heliconwave-excited-plasma sputtering, was adopted to grow highquality ZnO epilayer [17, 32] , but the structural and optical qualities of the ZnO epilayer are not acceptable for use in optoelectronics and remain incomparable to those grown by molecular beam epitaxy (MBE) and metalorganic chemical vapour deposition (MOCVD). Oh et al reported on the 2-dimensional (2D) growth of high-quality ZnO epilayers on sapphire (0 0 0 1) substrates without a buffer by radiofrequency (rf) magnetron sputtering [33] . Oh et al have grown ZnO epilayers at a relatively higher temperature than that of conventional sputtering and improved the structural quality of the ZnO epilayers to an extraordinary degree by increasing the growth temperature and optimizing the distance between the target and substrate. Figures 2(a) and (b) show θ -2θ scan spectra of ZnO epilayers deposited on sapphire (0 0 0 1) at various distances between the target and the substrate. The XRD spectra show that the 2 peak of the ZnO (0 0 0 2) plane near 34.38 • is very symmetrical and no peaks corresponding to other planes are detectable. This indicates that the ZnO epilayer was epitaxially grown on sapphire (0 0 0 1) in highly c-axis oriented orientation under the compressive stress that is commonly observed for sputtered ZnO films [34] . The crystallinity of the ZnO films was found to be very sensitive to the distance between the target and the substrate. An epilayer grown at a distance of 42 mm showed the most ordered crystal structure. The intensity of the (0 0 0 2) peak, however, became weak and broad as the distance deviated from the optimized distance of 42 mm. When the distance between the target and the substrate is closer than the optimized one, the effect of plasma damage and resputtering of the film may increase, resulting in poor crystal quality. On the other hand, a decrease in adatom mobility due to an increase in the scattering of sputtered atoms in the gas phase may result in poor crystallinity of the epilayer when the distance is increased. To examine the distribution of mosaicity in the ZnO epilayers, a ω rocking measurement of the (0 0 0 2) peak was also carried out, as shown in figure 2(c). These findings show that the mosaicity in the ZnO epilayer is strongly dependent on the distance between the target and the substrate. The inset in figure 2(c) shows the ω rocking curve for UZ146, exhibiting a full width at half maximum (FWHM) of 0.027 • (97.2 arcsec). Oh et al employed the scan of the four circle XRD to evaluate the in-plane crystal quality of the ZnO epilayers, as shown in figure 3(a) (1 0 −1 2) plane peaks with six-fold symmetry with a 60
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• separation show that the epilayers have a homogeneous in-plane alignment on sapphire (0 0 0 1). It is noteworthy that the ZnO epilayer has the (1 0 −1 2) ω rocking curve with a small FWHM (705.5 arcsec) (figure 3(b)), which is comparable to high-quality GaN epitaxial films grown on sapphire by MOCVD (740 arcsec) and ZnO films grown on sapphire by MBE (500 arcsec) [35, 36] . The small FWHM of the (1 0 −1 2) ω rocking curve indicates that the ZnO epilayer is of high in-plane crystalline quality as well as out-of-plane crystalline quality. Kim et al have grown the high-quality ZnO thin film on the sapphire (0 0 0 1) substrate using rf magnetron sputtering technique and studied the characteristics of PL at RT [37] . Figure 4 shows XRD θ -rocking for the ZnO thin films grown on an a-Al 2 O 3 (0 0 0 1) substrate. Among the ZnO films deposited at 550
• C with various powers of 60-120 W, the one grown at 80 W shows the narrowest θ -rocking curve with FWHM of 0.16
• , indicating a highly c-axis oriented columnar structure. As the power was increased or decreased the FWHMs value increased to 0.30
• -0.44
• , indicating that the ZnO films became polycrystalline due to increases in the mosaic structure. For the ZnO film deposited at 600
• C and 120 W, the FWHM of x-ray θ-rocking curve of the ZnO film was 0.13
• , showing better crystallinity than those of films deposited at 550
• C. Very prominent near-band-edge (NBE) emission without deep-level emission around 2.5 eV is sharply observed except for those deposited at 60 W and 550
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• C (figure 5). The peak position of NBE was varied from 3.3 eV ((a) in figure 5 ) to 3.36 eV (( f ) in figure 5 ). Among the films deposited at 550
• C, the largest FWHM of PL spectra was 113-133 meV at 80 W and the lowest value of 89-91 meV was measured at 120 W. So the optical properties of ZnO films are improved with the increase in rf power above 80 W. From these results, the PL properties of the ZnO films seem to be improved with increases in rf power. For the ZnO films grown at 550
• C, PL spectra show an opposite trend compared with the XRD results. The crystallinity of the ZnO films grown at 80 W was better than those at 120 W, while the PL properties of the ZnO films deposited at 120 W were conversely better than those at 80 W. The reason for this is that the increase in mosaic structure had an influence on the formation of the defect such as dislocation, vacancy and interstitial defect and also increased the out diffusion of defects during the growth process of ZnO films. Thus, the density of defects would be reduced inside the columns. In the case of ZnO films grown at 600
• C, the FWHM value of the PL spectrum curve was 76-89 meV, and these values are smaller than ever reported. Considered the θ-rocking FWHM value of 0.13
• , both crystallinity and the optical property were simultaneously improved. This suggests that atoms move to stable sites and impurities move to the grain boundary due to enough thermal energy at high growth temperature. Therefore the defect density of the inside column is diminished and PL properties of the ZnO films are improved.
Molecular beam epitaxy. MBE is a versatile technique
for growing epitaxial layers of semiconductors, metals or insulators. MBE is one of the vacuum deposition techniques consisting of a vacuum system, source supply system, substrate handling system and in situ surface diagnosis. Background vacuum is an important factor in obtaining high purity thin films, since calculations using kinetics of ideal gas show that a background pressure of as low as 1.7 × 10 −9 Pa is needed to grow a sufficiently clean epilayer in the case of GaAs MBE, assuming that the sticking coefficients of constituent atoms and of residual gas are the same. Conventional K-cells are used for a source supply system. Depending on the purpose of the source such as growing or doping, the size and the shape of the crucibles are different. The source material determines the temperature range of the K-cells. Simple mechanical shutters in front of the K-cells are used to control precisely the beam fluxes for growth, which distinguishes MBE from conventional vacuum deposition techniques. A subtrate is mounted on a substrate holder. The substrate holder is heated for cleaning of the substrate and growing on the substrate. Out gassing from a substrate holder and a heater during heating should be minimized. The selection of materials of the substrate holder and heater is crucial for reducing the outgas of the substrate and the growing surface is routinely observed in situ throughout the growth process. Reflection high energy electron diffraction (RHEED) offers real-time information on the surface structures and growth processes [38] .
The epitaxial relationship between the ZnO films and the c-plane sapphire has been found to be [39] , indicating a 30
• rotation of ZnO relative to sapphire in the c-plane and (1 1 −2 0) ZnO (1 1 −2 0) Al 2 O 3 [40] . This 30
• rotation results in a reduction in the in-plane lattice mismatch (δa/a) from 0.32 for the case where the a-axes are coincident to ∼0.19 for the case where they are offset by 30
• [41] , but the two types of in-plane rotation give rise to the presence of domains. In addition to the 30
• -rotated domain, two other kinds of rotation domains have been observed by Wang et al [42] . The XRD peaks of a dominant domain were observed at the φ positions which are the same as those of the φ scan for the (1 1 3) [43] . The thin MgO buffer layer has been shown to facilitate the initial nucleation and to promote the lateral growth of ZnO leading to a great improvement in the ZnO film. As a result (3 × 3) surface reconstruction of ZnO is observed and RHEED intensity [42] to eliminate the rotation domains and improve the quality of the ZnO films grown by rf-plasma-assisted MBE. It was found that a very thin hexagonal nitrogen polar AlN layer was formed by nitridation and this effectively served as a template for the following ZnO film growth, resulting in the elimination of the rotation domains. As a result of this nitridation, the quality of the films was markedly improved, with the FWHMs of (0 0 2) and (1 0 2) -scans decreasing from 912 arcsec to 95 arcsec and 2870 arcsec to 445 arcsec, respectively. The same group proposed the use of a low temperature (LT) GaN thin layer and a LT-ZnO layer as double buffer layers to improve the quality of ZnO films deposited on c-sapphire by rf-assisted plasma MBE. The FWHM values of (0 0 2) symmetric and (1 0 2) asymmetric -scans were 90 arcsec and 430 arcsec, respectively. Following another approach, Sakurai et al [44] have shown that twin crystal patterns and surface faceting observed with exactly c-plane oriented sapphire substrates were suppressed if the offset angles were enlarged from near-zero to 2.87
• . In the growth on a-plane sapphire, high-sensitivity pole figures have indicated that the ZnO films were uniquely (0 0 0 1) oriented with no trace of secondary orientation; it was also effective in the elimination of 30
• rotation domains which usually appear in the case of growth on c-sapphire [45] [46] [47] . The orientation relationship between the ZnO films and a-sapphire has been found to be (0 0 0 1) ZnO (1 1 −2 0) sapphire and (2 −1 −1 0) ZnO (0 0 0 1) sapphire [48] . Other substrates have been chosen depending on their physical properties and availability using lattice accommodation and electrical conductivity criteria for vertical device structures such as laser diodes. 6H-SiC [49] has only a small lattice mismatch with ZnO (less than 5%) and can be highly conducting.
Pulsed laser deposition.
Pulsed laser deposition (PLD) of thin films can be considered as a simple deposition process which uses pulsed laser radiation to vaporize by photon absorption the surface of the material (target) to be deposited as a thin film on a surface [12, [50] [51] [52] [53] [54] . A schematic PLD system for the growth of thin films is shown in figure 6 . Intense laser pulses of nanosecond duration range are focused in a vacuum chamber onto a target surface where they are absorbed. Above a threshold power density depending upon the target material (generally around 50 MW cm −2 ), significant material removal from the target occurs in the form of an ejected luminous plume whose species are collected on a substrate which can be heated to ensure the growth of crystalline material. An empirical description of PLD involves the following steps. First the laser-matter interaction leads to the melting of the target surface and vaporization in the shape of a plume of the thin upper layer of the molten surface. The plume then propagates in a direction normal to the target with a possible interaction with an ambient gas. Finally the film forms at the surface of the substrate. Each step plays a role in the composition, crystalline quality and surface morphology of the deposited material.
Choopun et al [55] studied the influence of oxygen pressure on surface morphology and optoelectronic properties of ZnO films grown on sapphire (0 0 0 1) by PLD. The films were grown at an optimized growth temperature of 750
• C. The growth was carried out under various oxygen background pressures ranging from 10 −5 to 10 −1 Torr. All the ZnO layers grown were found to be c-axis oriented. The films grown under lower oxygen pressure regimes (10 −5 -10 −4 Torr) had a c-axis lattice parameter which is 0.25% larger than that of the bulk material. This effect was attributed to both oxygen deficiency and compressive strain induced by the sapphire substrate. However, for the films deposited under higher oxygen pressures (10 −2 -10 −1 Torr), the c lattice constant was found to approach the bulk value. The FWHM of the XRD ω-rocking curve was 0.069
• for the film grown at an O 2 pressure of 10 −4 Torr. The in-plane ordering, as determined from the XRD scans of the ZnO (1 0 −1 1) planes, however, was strongly influenced by the oxygen pressure. The FWHMs of the (1 0 −1 1) peaks were 0.43
• and 0.78
• for the ZnO films grown at 10 −4 Torr and 10 −1 Torr, respectively. Figure 7 shows the surface morphology of the ZnO films grown at various O 2 pressures [55] . The morphology of the films grown at
10
−5 -10 −4 Torr was dominated by a typical 'honeycomblike' structure with 3D growth features as evidenced by the wellfaceted hexagons ( figure 7(a) ). The transition towards the growth of a smooth film was found at an O 2 pressure of 10 −2 Torr. This change in the growth mode resulted in a substantial reduction of root mean square (rms) roughness to 10-20 Å for a flat surface. A further increase in the O 2 pressure to 10 −1 Torr showed an adverse effect on the surface morphology ( figure 7(c) ) typically featured by high nucleation densities, irregular grains with different sizes and the increase in surface roughness to about 400 Å. The optical quality of the ZnO epilayer grown at 10 −4 Torr was much higher than those grown at 10 −1 Torr, as evidenced by a much higher excitonic luminescence intensity (by two orders of magnitude). This indicates that a high concentration of defects in the ZnO film affects the radiative processes. As seen from the above results, the PLD growth of high-quality epitaxial ZnO films with smooth surfaces and desirable electrical and optical properties has different optimum oxygen pressure regimes. To overcome this problem, a two step growth procedure has been developed [55] . In this process, the nucleation layer is grown at low oxygen pressure (10 −4 Torr), which produces a highquality template for the subsequent growth of ZnO at a high oxygen pressure (10 −1 Torr). [57] , ZnO films formed on cleaved ScMgAlO 4 substrates showed very smooth surfaces consisting of flat terraces with 0.26 nm step heights corresponding to the charge neutral unit of ZnO, while the films grown on sapphire substrates showed rough surface with about a 20 nm roughness [55] . The beneficial effect of the use of such ScMgAlO 4 substrates on the crystalline quality can be clearly observed in figure 8 , which represents the rocking-curve measurements for the (0 0 0 2) and (1 0 −1 1) reflection peaks recorded on ZnO films grown on ScMgAlO 4 and sapphire substrates. Figure 8 (a) characterizes the mosaicity of the films (angular distribution of the c-axis), and large differences are observed in the FWHM of the rocking curves, respectively, 39 arcsec and 378 arcsec for ZnO films grown on ScMgAlO 4 and sapphire. The same behaviour, i.e. broader angular distribution, is observed through the rocking curve of the (1 0 −1 1) ZnO reflection peak in figure 8(b) for the in-plane distribution of the crystallites. Thus, using ScMgAlO 4 substrates greatly improved the quality of the ZnO epitaxial films in terms of surface morphology and crystallinity. In addition, the physical properties of the ZnO epitaxial films were also improved. For instance, the electronic properties of such ZnO films showed both high electron mobility (∼100 cm 2 V −1 s −1 ) and low residual carrier concentration (∼10 15 cm −3 ) when compared with the films grown on sapphire under similar conditions [56] . 
Metalorganic chemical vapour deposition.
Two distinct periods can be clearly distinguished in the metalorganic chemical vapour deposition (MOCVD) growth of ZnO depending on the applications aimed at. During the first period, roughly from 1964 to 1999, the films were mainly dedicated to such applications as solar cell transparent electrodes, piezoelectric devices or SAW filters [58] . After 1998, given the hope of p-type doping, the main application aimed at was photonic devices. During the first period, the 'epitaxial' quality of the films was not as essential as it became after 1998. Premature reaction between the Zn metalorganic compounds and the oxidants, leading to unwanted deposits upstream from the susceptor, has been the main problem needing to be solved to achieve successful MOCVD growth of ZnO. To solve this key issue, less-reactive Zn metalorganic compounds have been used, mainly during the first period, in combination with various oxidants, but also some adducts.
Thus, different growth modes such as low pressure MOCVD and photo-enhanced or laser-induced MOCVD are required to increase the growth rate often severely lowered by these less-reactive precursors. Separate inlets to inject the metalorganic compound and the oxidant have then been used to get rid of the problem of pre-reaction. This idea appeared from 1981 [59] and has been then generalized during the second period. Various carrier gases, different geometries, horizontal or vertical reactors, high speed rotation reactors have been used as well. For ZnO growth, MOCVD typically involves the use of metal alkyls, usually dimethyl zinc [(CH 3 ) 2 Zn] (DMZn) or diethyl zinc [(C 2 H 5 ) 2 Zn] (DEZn) in combination with a separate source of oxygen and argon or nitrogen as a carrier gas. In earlier investigations, O 2 or H 2 O were used as oxygen precursors [60] [61] [62] . However, DEZn and DMZn are highly reactive with oxygen and water vapour so that severe premature reaction in the gas phase occurs in the cold zone of the reactor, resulting in the formation of white powder, which degrades the film quality. Nevertheless, great progress has been made in ZnO growth by MOCVD recently. The improvement of the material quality is related to improved reactor design [63] and/or the use of less-reactive precursors, allowing one to minimize parasitic prereactions in the gas phase. Stable metalorganic source of zinc acetylacetonate in combination with oxygen was successfully used for the growth of high-quality ZnO films on r-plane [64] as well as on c-and a-plane [65] sapphire substrates by atmospheric pressure MOCVD. For the group-VI precursor, a variety of oxygen compounds were employed: isopropanol (i-PrOH) [16, [66] [67] [68] , tertiary-butanol (t-BuOH) [69] [70] [71] [72] , acetone [60] , N 2 O [60, [73] [74] [75] [76] and NO 2 [65] . High-quality ZnO layers have been prepared on GaN/sapphire [16, 67] and c-plane sapphire [66] substrates by using DEZn and i-PrOH. FWHMs of the ω-2θ scans were 100 and 270 arcsec depending on the substrate, and the 5 K PL spectra showed strong near-bandedge emission with line widths of 5-12 meV with phonon replicas [16, 77] . For the films grown on c-plane sapphire under optimized conditions, PL was dominated by strong near-bandedge lines with FWHM below 4 meV, and the excitonic signals were clearly visible in reflectivity measurements [66] . Halleffect measurements indicated an n-type background doping in the 10 17 cm −3 range with carrier mobilities of more than 100 cm 2 V −1 s −1 . Kirchner et al [72] have reported direct comparison of MOCVD growth of ZnO layers on c-plane sapphire using i-PrOH and t-BuOH as oxygen precursors and DEZn as a zinc source. It has been demonstrated that the two oxygen precursors show similar pressure dependence of the ZnO growth rate but large differences in temperaturedependent growth rates (see figure 9 ). The growth rate was found to be almost constant over a wide temperature range from 380 to 510
• C in the case of t-BuOH, whereas for i-PrOH the maximum growth rate was achieved at 380
• C. The optical quality of the ZnO layers grown with t-BuOH was superior to those grown with i-PrOH. For ZnO grown under optimized conditions using t-BuOH, strong near-band-edge emission lines with half-widths of 1.1 meV dominated the PL spectra. High-quality homoepitaxial ZnO layers were grown on bulk ZnO substrates by using N 2 O and DEZn [78] . Two conditions, proper thermal treatment of the substrate prior to the growth to obtain a flat surface and high flow rate ratios of source materials, were found to be important to obtain high-quality layers. Surface roughness below 1 nm as well as strong freeexciton emission at 15 K was reported for the films grown under optimal conditions. A strong effect of the surface polarity was revealed for homoepitaxial growth of ZnO films on O-and Zn-terminated ZnO (0 0 0 1) substrates [79] . The films, grown on O-terminated ZnO surfaces, were initially dense. However, they changed to a textured polycrystalline microstructure after approximately 100 nm and exhibited a surface roughness of 7.3 nm. By contrast, the films grown on the Zn-terminated surface under the same conditions were fully dense, without texture, and appeared to be monocrystalline with a significantly improved surface roughness of 3.4 nm.
n-type ZnO
n-Type doping of ZnO is relatively easy compared with p-type doping.
Group-III elements Al, Ga and In as substitutional elements for Zn and group-VII elements Cl and I as substitutional elements for O can be used as n-type dopants [80] . Doping with Al, Ga and In has been attempted by many groups, resulting in high-quality, highly conductive n-type ZnO films [81] [82] [83] [84] [85] [86] [87] . Myong et al [81] grew Al-doped ZnO films by the photoassisted MOCVD method and obtained highly conductive films with a minimum resistivity of 6.2 × 10 −4 cm. Ataev et al [82] reported resistivities as low as 1.2 × 10 −4 cm for Ga-doped ZnO films grown by chemical vapour deposition. Ko et al [86] also succeeded in Ga doping of ZnO films grown on GaN templates by plasma-assisted MBE. Thus, n-type ZnO films have been successfully used in various applications as n-type layers in light-emitting diodes as well as transparent ohmic contacts. Kim et al investigated the formation of high-quality Al-doped n-type ZnO layers on (0 0 0 1) sapphire substrates by rapid thermal annealing (RTA) treatment and the rf magnetron sputtering method [88] . It was shown that annealing the samples at 900
• C for 3 min in nitrogen ambient results in an electron mobility of 65.6 cm 2 V −1 s −1 and a carrier concentration of 1.83 × 10 20 cm 3 . Figure 10 shows the annealing temperature dependence of the electrical properties of the samples that were grown at a rf power of 100 W with an Ar/O 2 gas ratio of 1. It is shown that as the annealing temperature increases up to 1000
• C, both the electron concentration and the mobility increase, reach a maximum at 900
• C and then decrease. It is also found that annealing the samples at 900
• C yields the best electrical property. In addition, it is believed that the electrical properties are degraded due to the out diffusion of the dopants or the decomposition of the films induced by a high thermal energy during the annealing at a high temperature of above 900
• C. Figure 11 shows the annealing temperature dependence of the PL spectra of the samples that were grown at 100 W with a gas ratio of 1. The as-grown sample shows a fairly weak PL peak. However, as the as-grown Figure 10 . The annealing temperature dependence of the electrical properties of the samples that were grown at 600
• C and a rf power of 100 W with an Ar/O 2 gas ratio of 1. Reprinted with permission from [88] . Copyright 2005, American Institute of Physics. Figure 11 . The annealing temperature dependence of the PL spectra of the samples that were grown at 600
• C and 100 W with a gas ratio of 1. Reprinted with permission from [88] . Copyright 2005, American Institute of Physics.
annealing temperature increases up to 900
• C, the PL intensity is increased significantly. It should be noted that regardless of the growth conditions, annealing the samples at 900
• C always results in similar PL intensities of the near-band-edge emission peaks. A further increase in the temperature up to 1000
• C leads to a decrease in the PL intensity. However, the deeplevel emission is not observed in the PL spectra of the 1000
• C annealed sample.
p-type ZnO
It is very difficult to obtain p-type doping in wide-bandgap semiconductors, such as GaN and ZnSe. The difficulties can arise from a variety of causes. Dopants may be compensated by low-energy native defects, such as Zn i or V O [89] , or background impurities (H). Low solubility of the dopant in the host material is also another possibility [90] . Known acceptors in ZnO include group-I elements such as lithium (Li) [91] [92] [93] , Na and K, copper (Cu) [8] , silver (Ag) [94] , Zn vacancies and group-V elements such as N, P and As. It has been believed that the most promising dopants for p-type ZnO are the group-V elements, although theory suggests some difficulty in achieving a shallow acceptor level [95] . A number of theoretical studies have addressed the fundamental microscopic aspects of doping in wide-bandgap semiconductors. The majority of these studies have dealt with the manner in which dopant solubility [90, 96] or native defects [97, 98] such as vacancies, interstitials, and anti-sites interfere with doping. Various substitutional impurities for ZnO were examined as p-type dopants by using the firstprinciples pseudopotential method [95] . p-Type doping in ZnO may be possible by substituting either group-I elements (Li, Na and K) for Zn sites or group-V elements (N, P and As) for O sites. Recently, another p-type doping mechanism was proposed for group-V elements (P and As). P and As substitute Zn sites, forming a donor, then it induces two Zn-vacancy acceptors as complex form (P Zn -2V Zn or As Zn -2V Zn ) [99, 100] . However, the choice of p-type dopant and growth technique remains controversial and the reliability of p-type ZnO and the doping mechanism are still a subject of debate.
Nitrogen doping.
Attempts to achieve p-type doping in ZnO MOCVD layers have so far not been very successful. Using N as a dopant from NH 3 activated by a plasma, Wang et al [101] have obtained ZnO layers with a hole concentration ∼10 16 cm −3 , but this p-type conductivity turned out to be unstable as a function of time. The instability of the electrical properties of the layers as a function of time, regardless of the deposition method, has been reported for a long time [59] and shown to be closely related to the change in surface conductance due to oxygen chemisorption. Using NO as an oxidant and DEZn as a Zn precursor, Li et al [102] but they also showed unstable properties. Room temperature Hall measurements of ZnO with N ion implantation yielded a hole concentrations as high as mid 10 18 cm −3 [103] . However, the ZnO films after Ga and N ion implantation followed by thermal post-annealing did not show p-type conductivity although the post-annealing of implanted ZnO films up to 800
• C restored the optical and structural quality of the samples to a high degree [103] . The PLD synthesis of p-type ZnO films has been considered, and various ways have been followed to reach this aim. First, nitrogen has been tried as a dopant but N incorporation in ZnO did not lead to the formation of p-type ZnO [104] even though nitrogen atomic species which were produced from a plasma were used. Also, co-doping has been used to promote the formation of p-type films with the simultaneous incorporation of donor (Ga) and acceptor (N). As a result the formation of p-type ZnO films by PLD has been reported [105] , with a low resistivity (2 cm and a carrier density around 4 × 10 19 cm −3 ). However, such results were found very difficult to reproduce [104] . As a matter of fact, further studies [39, 106] , systematically exploring the effects of N and Ga co-doping in a wide range of concentrations did not show any sign of p-type conductivity in such co-doped ZnO films [39] . To illustrate the complexity of the situation, it has been reported that p-type conductivity in ZnO thin films has been obtained by the co-doping (Ga and N) method, but the N doping was effective only when N 2 O gas was passed through a plasma source and not with the use of N 2 gas [107] .
Finally it was concluded that the growth by PLD of p-type ZnO films via Ga and N co-doping is far from being established. Iwata et al [108] have grown nitrogen-doped ZnO layers on sapphire substrates. An N-doped ZnO layer fabricated using an N 2 /O 2 flow ratio of 10% was found to have a chemical nitrogen concentration of 1 × 10 19 cm −3 . However, conversion from nto p-type did not occur whilst large nitrogen incorporations were observed to induce extended defects. Nakahara et al [11] found from Hall measurements an n-type conductivity in Ga and N co-doped ZnO layers grown by radical source MBE. They showed that Zn-rich conditions were indispensable for nitrogen doping and that a high Ga concentration, necessary to enhance nitrogen incorporation, led to the formation of the additional phase ZnGa 2 O 4 in the films [109] . Ashrafi et al [110] were successful in producing reproducible p-type conductivity from nitrogen doping using H 2 with a hole mobility of 2 cm 2 V −1 s −1 . The PL spectrum showed a strong peak near 3.32 eV probably due to neutralacceptor-bound excitons. The estimated acceptor level was between 170 and 200 meV based on the low-temperature PL measurements. But such results were not reproducible. A hole density of 9 × 10 16 cm −3 with a resistivity of 11.77 cm have been measured in Ga and N co-doped ZnO films deposited at 250
• C on glass substrates by conventional RF sputtering [112] . The type of conduction of the co-doped c-oriented films was said to be controllable by suppressing the oxygen vacancies by adjusting the oxygen partial pressure ratio into the sputtering chamber. p-Type N-doped ZnO films with highly c-axis orientation were grown by magnetron sputtering on silicon and sapphire substrates with NH 3 as a nitrogen dopant source [113, 114] . The hole carrier concentration of the p-type films grown, respectively, at 500 and 450
• C reached 3.2×10 17 cm [114] . The dependence of the film properties as a function of the ammonia concentration, for films prepared on sapphire (0 0 0 1) substrates, showed that N-doped p-type ZnO films with c-axis orientation were achieved at ammonia concentrations of 25%, 50% and 75% [115] . At 0% ammonia concentration, intrinsic ZnO films with c-axis orientation were obtained, while at 100% ammonia concentration, the layers were zinc polycrystalline films. The same group reported on the growth of p-type ZnO thin films prepared by oxidation of Zn 3 N 2 thin films deposited by dc magnetron sputtering [116] . Using an oxidation temperature between 350 and 500
• C, p-type ZnO films were obtained with a hole concentration as high as 5.78 × 10 17 cm −3 at 500 • C, but with an oxidation temperature at 550
• C, an n-type film was obtained. Note that the doped layers deposited by sputtering were polycrystalline and that parasitic electrical effects coming from the grain boundaries can be suspected. [117] used the PLD technique to produce phosphorus-doped p-type ZnO films using a zinc-phosphide (Zn 3 P 2 ) compound as the phosphorus source. In this process, a Zn 3 P 2 film deposited on a ZnO substrate was exposed to excimer laser radiation in highpressure nitrogen or oxygen ambient and was consequently decomposed into Zn and P atoms which diffuse into ZnO, resulting in the formation of P-doped ZnO through the replacement of O atoms by P atoms. In this case, a p-n junction-like behaviour was observed between an n-type ZnO substrate and a surface P-doped layer although Hall measurements did not confirm p-type conductivity. Similar results were obtained by Lee et al [118] who also transformed a Zn 3 P 2 layer on ZnO/sapphire to p-type ZnO by laser annealing.
Phosphorus doping. Aoki et al
Kim et al prepared p-ZnO thin films by sputtering a ZnO target doped with P 2 O 5 at high temperatures followed by a thermal annealing process [5] . Figure 12 shows the effect of rapid thermal annealing (RTA) activation temperatures on the carrier concentration in ZnO : P films grown at different temperatures. As shown in figure 12 , the electron concentration gradually increases reaching a maximum value and decreases again with increasing RTA temperature. The initial increase in electron concentration is due to an increase in oxygen vacancy in the ZnO : P film as the RTA temperature increases. The decrease in electron concentration after the maximum value is due to the compensation of carriers by phosphorus dopants activated as acceptors. Most of the n-type ZnO : P thin films converted into p-type ZnO : P, showing hole concentrations of 10 17 -10 19 cm −3 above RTA temperatures of around 800
• C. A further increase in RTA temperature leads to a decrease in hole concentration of p-ZnO : P thin films. These results indicate that the phosphorus dopant source needs to be R395 thermally activated to act as an acceptor in ZnO : P. Figure 12 also shows that the hole concentration is decreased and the electrical property is converted from p-type to n-type with a further increase in the temperature. This result is caused by formation of defects such as Zn interstitials and/or O vacancies that can compensate hole carriers. Similar results have also been observed in Mg doped GaN [119] .
The role of thermal energy in dopant activation is believed to dissociate P 2 O 5 in the ZnO films [120] . The P dopant source is an oxide form of P 2 O 5 , which was introduced into the ZnO thin film using a rf plasma under an atmosphere of oxygen to suppress the generation of O vacancies. To confirm the existence of such P 2 O 5 in the ZnO : P thin film, XPS analysis was performed. Figure 13 shows the P 2p core-level peak obtained from the as-grown ZnO : P thin film. The P 2p core-level peak observed at a binding energy of 134.5 eV is believed to come from P 2 O 5 in the thin film. A P 2p core-level peak regarding pure phosphorus state is normally observed at a binding energy of 130 eV.
Yang et al reported an investigation of the influence of the Ar/O 2 sputtering gas ratio on the properties of ZnO : P thin films to give p-type ZnO : P [121] , because it is well known that the Ar/O 2 sputtering ratio has considerable influence on the structural, electrical and optical properties of deposited films. Figure 14 shows cross-sectional SEM images of ZnO : P thin films grown using various ratios of Ar/O 2 gas ranging from pure Ar to pure O 2 . They clearly show that film structure and surface morphology are significantly dependent on the Ar/O 2 sputtering gas ratio. As shown in figure 14 (a), a ZnO : P thin film grown in a pure Ar plasma has a honeycomb-shaped nanostructure with a highly preferred c-axis orientation. When the O 2 content of the sputtering gas was increased, the ZnO : P layer with a honeycomb-shaped tube structure ( figure 14(a) ) changed to a film with a pine-treeshaped structure ( figure 14(b) ) and these structures became more dense as shown in figure 14(c) . When the O 2 content in the sputtering gas was further increased, the ZnO : P thin film showed a smooth and flat film structure as shown in figures 14(d) and (e). These results are consistent with a previous study reporting that the nucleation of ZnO depends on the amount of active oxygen on the ZnO buffer layer [122] . When the growth ambient is changed from Ar rich to O 2 rich, the density of the nucleus and the lateral growth rate are increased, resulting in smooth, dense ZnO : P thin films. Therefore, it would be expected that structural defects or native defects would also be reduced in ZnO : P films grown under O 2 -rich conditions. Hwang et al investigated the effects of phosphorus doping on the optical properties of ZnO thin films by means of photoluminescence (PL) measurements [123] . The emission lines at 3.355, 3.310 and 3.241 eV were found to be phosphorus-related peaks. The acceptor energy of the phosphorus dopant was estimated from the FA transition at 3.310 eV PL spectra of p-type ZnO : P. The FA energy is given by E FA = E g −E A +k B T /2, where E g and E A are the bandgap and acceptor energies, respectively. The optical binding energy of phosphorus acceptors can be estimated from the equation
Since the thermal energy term can be neglected at 10 K, the acceptor energy level of phosphorus dopant was estimated to be at 127 meV above the valence band. Hwang et al also showed that the hole concentration in the p-type ZnO is strongly dependent on annealing temperature and ambient gas used during the post-annealing of phosphorus doped ZnO [124] . Figure 15 shows that the activation energy of the phosphorus dopant in region I (below 800
• C) is different from that in region II (above 800
• C) for N 2 and Ar ambient gases Zn-O bond, indicate that phosphorus atoms may replace either Zn atoms to form P Zn + 2V Zn ( [99, 100] ) or O atoms to form P O [5] , which can act as acceptors, resulting in an increase in hole concentration. The activation energies of the phosphorus dopant in region II were estimated to be 5.53 ± 0.57 eV for N 2 and 5.69 ± 0.49 eV for Ar ambient gas, as shown in figures 16(a) and (b), respectively. These values are close to the P-O bond strength of 599 kJ mol −1 (6.21 eV/molecule) [125] . This result indicates that the dissociation of the P 2 O 5 dopant source is the main source for the production of P atoms in the activation region II and more holes are produced in region II than in region I. In the case of O 2 ambient gas, the activation energy of the phosphorus dopant was estimated to be 2.05 ± 0.20 eV, as shown in figure 16(c) . This value is slightly larger than those of region I obtained for N 2 and Ar ambients, as shown in figures 16(a) and (b), but it is still close to the Zn-O bond strength. If P atoms replace the Zn atoms instead of O atoms in the ZnO film during the thermal activation process, more Zn atoms would be replaced by P atoms in the O 2 ambient to form a complex such as P Zn +2V Zn which acts as an acceptor [99, 100] because Zn vacancies are easily formed in an O 2 ambient. If this mechanism is valid for p-type conductivity, the hole concentration of p-type ZnO annealed in an O 2 ambient should be higher than those of samples annealed in N 2 and Ar ambients. However, the hole concentration of p-type ZnO annealed in an O 2 ambient is much lower compared with p-type ZnO annealed in N 2 and Ar ambients, as shown in figure 15 . This indicates that P atoms replace O atoms to produce acceptors in the phosphorus doped p-type ZnO by a thermal activation process.
Arsenic doping. p-type ZnO films have also been
obtained by using arsenic dopant. A first report [12] mentioned the formation of p-type ZnO films grown by PLD on (0 0 1) GaAs substrates. The explanation for this effect was related to the fact that for substrate temperatures higher than 450
• C, arsenic coming from the substrate diffuses easily into the growing ZnO films. Thus the As atomic concentration can reach the 10 17 -10 21 atom cm −2 range [12] , leading to a Hall mobility in the 0.1-50 cm 2 V −1 s −1 range. Further works were carried out in order to check these results and to understand precisely the effects of As doping in ZnO using a new growth process [126] . Arsenic doped ZnO films were grown on sapphire, ZnO or SiC substrates by combining ZnO film growth by pulsed laser deposition of a pure ZnO target and a molecular beam of As for doping with an effusion cell. Using this hybrid beam deposition process, arsenic atoms are directly incorporated into the ZnO lattice during growth so that the substrate should not have any influence on the As doping phenomenon, in contrast to previous experiments. The effects of As doping on the electrical and optical properties of the films were determined and indicated that the As doped films show good p-type conductivity with hole carrier concentrations up to the mid-10 17 cm −3 range at room temperature with a hole mobility around 35 cm 2 V −1 s −1 [126] . The analysis of the PL spectra showed that the acceptor energy levels of As doped p-type ZnO are in the range 115-164 meV at a 4 × 10 17 cm −3 hole concentration [127] . Although nitrogen has been considered the substitutional acceptor of choice for obtaining p-type conductivity in ZnO, the possibility of p-type doping with larger radius group V atoms, such as phosphorus and arsenic, has also been explored by using the first-principles investigation of Limpijumnong et al [100] . It is easily considered that a group V element atom such as an As must substitute the oxygen atom to generate the hole in ZnO. However, they suggested that the role of acceptors in sizemismatched impurity doped ZnO is performed by a complex of the impurity with two zinc vacancies (As Zn -2V Zn ) [128, 129] .
ZnO device processing
Ohmic contacts
The formation of low resistance and thermally stable ohmic contacts is critical to realizing high-performance ZnO-based optoelectronic devices. The high contact resistance between metal and semiconductors gives rise to the degradation of device performance through thermal stress and contact failure. Thermally stable and low contact resistance can be achieved either by performing surface preparation to reduce the metalsemiconductor barrier height or by increasing the effective carrier concentration of the surface, which allow an increase in carrier tunnelling probability. Therefore, ohmic contact metallization should be one of the main goals in improving the device performance. However, ohmic contact technology in ZnO material has not been explored extensively and it is limited mostly to n-type contacts.
Ohmic contacts to n-type ZnO.
The formation of high-quality ohmic contact is essential to realizing highperformance ZnO-based optoelectronic devices. Studies have been limited mostly to n-type contacts. This is mainly because the growth of p-type ZnO layers is extremely difficult to achieve. The approaches to improve the ohmic contact characteristics on n-type ZnO are usually the oxygen desorption and the indiffusion of zinc in order to reduce the thickness of the Schottky barrier between the metal and the semiconductor and increase tunnelling through the barrier. Thus, various types of n-type contacts to ZnO, with metal schemes which have high reactivity to oxygen, have been extensively investigated so far. It was shown that these contacts produced specific contact resistance in the range 10 −4 -10 −5 cm 2 upon annealing. Such a post-depositionannealing at high temperatures during a device process has been widely used to improve ohmic contact characteristics. Figure 17 shows that as-deposited and annealed Ti/Au contacts exhibit linear current-voltage (I -V ) characteristics [ 130, 131] . The Ti/Au scheme produced a specific contact resistance of 2 × 10 −4 cm 2 when annealed at 300
• C for 1 min in a N 2 atmosphere, which was lowered by two orders of magnitude compared with the as-deposited contact. However, thermal degradation occurred after annealing at temperatures in excess of 300
• C. This degradation could be related to the disruption of the interface in the contact area, as shown in figure 18 .
The insertion of the Al/Pt layer between the Ti and Au layers reduced a specific contact resistance to 3.9×10 −7 cm 2 in phosphorus-doped n-type ZnO thin films with carrier concentrations of 6.0×10 19 cm −2 [132, 133] . Higher annealing temperatures degraded the contact resistance, and Auger electron spectroscopy depth profiling revealed increasing intermixing of the metal layers [134] .
Kim et al [135] reported that Al outdiffused to the surface at temperatures as low as 350
• C, and the contact metallization was almost completely intermixed at 600
• C. Zn/Au contact schemes became ohmic with a contact resistivity of 2.3 × 10 −5 cm 2 when annealed at 500
• C due to the indiffusion of Zn atoms into ZnO and the increase in the carrier concentration near the surface region. However, for the sample annealed at 600
• C, the degraded electrical characteristics could be attributed to the formation of the Au 3 Zn phase as shown in figure 19 .
To reduce the thermal degradation during the metallization process at high temperature, contact schemes with metal which has thermal stability as well as low resistance were investigated. Figure 20 shows the I -V characteristics of the Re/Ti/Au contacts on n-type ZnO as a function of the annealing temperature [136] . The as-deposited Re/Ti/Au contact was ohmic with a contact resistivity of 2.1 × 10 −4 cm 2 . The electrical characteristics of the samples were further improved upon annealing, namely, the sample produced a specific contact resistance of 1.7 × 10 −7 cm 2 when annealed at 700
• C for 1 min in a nitrogen ambient due to the formation of Ti-O and Re-O phases at the interface and the suppression Figure 18 . Auger depth profiles of (a) the as-deposited Ti/Au contact and (b) the 500
• C annealed contact on the ZnO layer. Reproduced by permission of ECS-The Electrochemical Society from [131] . Copyright 2001. of Zn outdiffusion from the ZnO layer. In addition, the as-deposited Ru contact scheme yielded a specific contact resistance of 2.1 × 10 −3 cm 2 [137] . However, annealing of the contact at 700
• C for 1 min resulted in a resistance of 3.2 × 10 −5 cm 2 . The annealing process resulted in a reduction in the specific contact resistance (by about two orders of magnitude), compared with the as-deposited sample. Oxygen was outdiffused from the ZnO layer and participated in the formation of the RuO 2 interfacial product, resulting in the accumulation of oxygen vacancies near the ZnO surface. The prolonged annealing treatment caused negligible degradation of electrical and thermal properties. Figure 21 shows that the Ru-O interfacial layer may prevent the outdiffusion of Zn (and hence the formation of zinc vacancies), acting as a diffusion barrier after the annealing process.
As mentioned above, thermal annealing at high temperatures results in the deterioration of device performance and hence device reliability. To improve thermal degradation, many efforts have been dedicated to obtaining nonalloyed ohmic contacts using various surface treatment techniques prior to metal deposition. For example, the nonalloyed Al/Pt contacts produced a specific contact resistivity of 1.2 × 10 −5 cm 2 [138] . A Pt overlayer on the Al contact resulted in a large reduction in the specific contact resistivity on n-type ZnO, compared with the case without the overlayer. This reduction was attributed to the prevention of the surface oxide layer (Al-O) by the Pt metal. Lee et al [139] showed that plasma treatment was effective in forming nonalloyed Ti/Au ohmic contacts on n-type ZnO (n d = 7 × 10 17 cm −3 ) with a contact resistivity of 4.3 × 10 The formation of high-quality nonalloyed Ti/Au ohmic contacts to n-type ZnO : Al using KrF excimer laser irradiation treatment was reported [140, 141] . The electrical characteristics of the Ti/Au contacts are considerably improved when laser irradiated. The specific contact resistances were measured to be 1.8 × 10 −4 cm 2 when the ZnO layers were laser irradiated, which is about two orders of magnitude lower than that of the as-grown sample. The results showed that the electrical behaviours of the Ti/Au contacts are influenced by the gas ambient used as shown in figure 23 . Oxygen atoms were evaporated more actively in vacuum and lower N 2 ambient during laser irradiation than in O 2 ambient. Thus, a higher carrier concentration and hence a lower contact resistivity are expected in the sample laser irradiated in vacuum. The various ohmic contact metallization schemes for n-type ZnO are summarized in table 1 together with the ZnO type, specific contact resistance and annealing condition.
Ohmic contacts to p-type ZnO. The growth of p-type
ZnO layers is extremely difficult. Therefore, metal contact studies have been limited mostly to n-type contacts. The ptype doping in ZnO may be possible by substituting either group-I elements (Li, Na and K) for Zn sites or group-V elements (N, P and As) for O sites. Recently, ZnO-based homojunction and heterojunction LEDs have been reported with poor performance on the p-type ohmic contact. Therefore, it is necessary to investigate the electrical behaviours and the ohmic contact mechanisms for p-type ZnO to realize the highperformance ZnO-based LEDs. The approaches to reduce the contact resistance of p-type ZnO are usually for inducing the oxygen indiffusion (formation of oxygen interstitials) and the outdiffusion of zinc (formation of zinc vacancies) in order to increase the carrier concentration, reducing the thickness of the Schottky barrier between the metal and the semiconductor and increasing tunnelling through the barrier.
I -V characteristics of the Ni/Au metal contacts to the phosphorus doped p-type ZnO are shown in figure 24 [142] . A Ni/Au metallization scheme was reported for low-resistance ohmic contacts to phosphorus doped p-type ZnO with a hole concentration of 1.0 × 10 18 cm −3 . As-deposited Ni/Au contacts to p-type ZnO showed a specific contact resistance of 7.6 × 10 −3 cm 2 . When the Ni/Au contact was annealed at 600
• C for 30 s in an air ambient the specific contact resistance was greatly decreased to 1.7 × 10 −4 cm 2 . The improved ohmic property was attributed to an increase in the hole concentration by the formation of Ni-Zn and Au-Zn phases due to the outdiffusion of Zn during the thermal annealing process. The outdiffusion of Zn results in the accumulation of Zn vacancies at the surface region of the ZnO layer, which can act as acceptors in ZnO [143] . Thus, it was believed that the increase in the hole concentration at the surface region of ZnO could be responsible for the improved ohmic property of the annealed Ni/Au contacts on the p-type ZnO. The Ni/Au metal contacts to ZnO : As films also showed linear I -V characteristics, whereas In/Au and Ti/Au contacts showed nonlinear behaviour [144] . The Ni/Au metal bilayer formed an ohmic contact to the ZnO : As film; however, the other two metal bilayers did not. Kang et al [145] used a Ni/ITO bilayer scheme for lowresistance and transparent ohmic contacts to phosphorousdoped p-type ZnO. Although the as-deposited Ni/ITO contact was highly resistant and opaque, contact resistance and transparency were greatly improved by a thermal annealing process. A specific contact resistance as low as 6.2 × 10 −5 cm 2 was obtained after thermal annealing at 400
• C for 1 min under an N 2 ambient as shown in figure 25 . The measured light transmittance of the Ni/ITO was measured to be above 80% at a wavelength of 400-600 nm.
Pt/indium tin oxide (ITO) scheme on the ZnO : As film produced contact resistivities of 8.0 × 10 −4 -3.5 × 10 −3 cm 2 upon annealing at 300-600
• C [146] . It could be associated with the improved sheet resistance of the ITO and the removal of the native oxide or contamination layers. The formation of the discontinuous Pt layer at the interface implies that inhomogeneous Schottky barriers might form as shown in figure 26 . It is noted that Pt and ITO have work functions of 5.65 eV and 4.7 eV, respectively. The difference between the Schottky barriers heights of the Pt and the ITO can lead to an increase in the electric field at the metal/semiconductor interface. The increase in the electric field was shown to cause the lowering of the barrier height.
The ohmic contact formation on p-type ZnO was also reported using Pt/Ni/Au multilayer contacts on phosphorousdoped p-type ZnO (N a = 5.0 × 10 17 cm −3 ) [147] . Metal electrode that was annealed for 1 min at a temperature above 500
• C resulted in good ohmic contact formation. The best ohmic contact to p-type ZnO was obtained using a Pt/Ni/Au multilayer contact that was annealed at 600
• C for 1 min For large bandgap p-type ZnMgO, Ti/Au and Pt/Au contacts to polycrystalline phosphorus-doped Zn 0.9 Mg 0.1 O films showed ohmic characteristics after annealing at higher than 500
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• C [148] . A specific contact resistivity of 3 × 10 −3 cm 2 was achieved for Ti/Au annealed at 600 • C. However, the Ni/Au contacts were less thermally stable than Ti/Au and could only be annealed to 500
• C without an interfacial reaction and severe degradation of the contact morphology, as shown in figure 28.
Etching of ZnO
Recent development in ZnO-based oxide semiconductor growth and processing has led to the expectation of fabricating optoelectronic devices with cheap and wide-bandgap oxides. To realize ZnO-based optoelectronic devices, it is essential to develop a ZnO etching process with a high etch rate, a high selectivity over mask materials, a high anisotropic etching profile and smooth sidewalls [149, 150] . Since most epitaxial ZnO films have been grown on sapphire, which is an insulator, it is necessary to etch the ZnO film, in order to provide for the ohmic contact, in a manner similar to GaN-based optoelectronic devices. Furthermore, the fabrication of more sophisticated device structures requires a well-controlled etch technique to achieve a reliable pattern transfer [151] .
Dry etching.
Plasma etching of wide-bandgap materials has historically proven to be particularly difficult because of their high bond strengths. However, in order to achieve the small dimensions required for more sophisticated device structures, the development of plasma etch processes will be necessary. In the few papers published to date, Cl 2 , BCl 3 and CH 4 -based chemistries in inductively coupled plasma (ICP) systems have primarily been investigated [151] [152] [153] [154] [155] [156] .
Lee et al [152] have investigated the dry etching characteristics of ZnO using an inductively coupled plasma (ICP) as functions of plasma chemistry, radio frequency (rf) table power and ICP power. The CH 4 /H 2 etchant gases resulted in the highest etch rate of ZnO, suggesting that the etching of Zn in ZnO largely involves a process in which a volatile metallorganic zinc compound, such as Zn(CH 3 )y, is formed. The etch rate was increased with increasing rf power as shown in figure 29 , and the highest etch rate of 2000 Å min −1 was achieved at an rf input power of 200 W (dc bias: 280 V). As the ICP power was increased, the etch rate also increased, which suggests that the plasma density is also an important factor in this process. However, some grooves, which might have originated from irregularities in the mask material, were formed on the sidewall, as shown in figure 30 . It also showed that the etched surfaces were smooth and no residues or pits were produced on the surface.
Single-crystal ZnO was etched in Cl 2 /Ar and CH 4 /H 2 /Ar inductively coupled plasmas as a function of ion impact energy [153, 154] . Figure 31 shows the ZnO etch rate in both types of plasma chemistry as a function of the substrate bias. For CH 4 /H 2 /Ar, the etch rate increases with ion energy as predicted from a model of ion-enhanced sputtering by a collision-cascade process.
Band edge photoluminescence intensity decreased with incident ion energy in both chemistries, with a 70% decrease even for low energies (∼116 eV). The surface roughness was also a function of ion energy with a minimum at ∼250 eV, where Auger electron spectroscopy showed there is no measurable change in the near-surface stoichiometry from that of the unetched samples.
Kim et al [151, 155] have used BCl 3 -based plasmas for reactive ion etching. It was shown that the etch rates increased with increasing BCl 3 content in BCl 3 /Ar and BCl 3 /Cl 2 /Ar plasmas, ICP power and rf power. It was also shown that increasing the substrate temperature increases the etch rate only slightly. It was proposed that volatile oxygen compounds such as (BOCl) 3 , BOCl and B x O y which were formed by B and BCl radicals play an important role in removing surface oxides. Auger electron spectroscopy results showed that the compositions of the etched samples in the BCl 3 plasmas are identical to the as-deposited sample as shown in figure 32 . Instead of Cl 2 /Ar plasmas, BCl 3 -based CH 4 /H 2 plasmas were used and showed high-rate dry etching characteristics of aluminium-doped zinc oxide (AZO) [156] . High etch rates of AZO were obtained possibly due to the formation of volatile compounds such as Zn(CH 3 ) y and ZnCl x . The highest AZO etch rate of about 310 nm min −1 was obtained near 80% BCl 3 and at a dc-bias voltage of −350 V.
Lim et al [157] have investigated temperature-dependent etching in Cl 2 /Ar. The threshold ion energy for etching ZnO at 150
• C in Cl 2 /Ar is about 170 eV, obtained by fitting to a model of ion-enhanced sputtering by a collision-cascade process. The amount of residual chlorine on the ZnO surface was decreased with increasing etching temperature. Figure 33 shows SEM micrographs of features etched into ZnO using a Cl 2 /Ar discharge at either 150
• C (top) or 300
• C (bottom). The sidewalls are anisotropic and the surfaces are fairly smooth in the former case.
High etch rates (>2000 Å min −1 ) have been obtained in CH 4 -based chemistries, presumably due to the formation of volatile metallorganic zinc compounds. The Cl 2 -based chemistries also showed promising but somewhat slower etch rates (<1500 Å min −1 ). The highest etch rates reported were achieved by CH 4 [158] [159] [160] [161] [162] [163] . Most studies found that etching is mostly reaction rate limited with a thermal activation energy of 6 kcal mol −1 and the etch depth is linearly dependent on time.
Chang et al [158] showed that strong acid (HCl) etching of sputtered ZnO films is uncontrollable, and ammonium chloride (NH 4 Cl) may be a suitable etchant with prior oxygen plasma treatment.
In the etching process of ZnO using 20% of HNO 3 solution, Mariano et al [159] reported that the dislocation etch pits appeared unequally on the (0 0 0 1) surface, while hillocks were rather uniformly distributed on the (0 0 0 −1) surface. It was also demonstrated that the ZnO surface etching with phosphoric/acetic etchant also strongly depends on the surface polarity as shown in figure 34 [160] . Etching of the [O] surface has been shown to be largely due to the binding between H cations from acids and negatively charged surface O ions. For the [Zn] surface, the preferentiality in etching between terminating O ions along scratches and the Zn planar surface resulted in the broadening of the scratches themselves and an improvement in surface topography and free-exciton resonances.
ZnCdO could be etched in dilute solutions of HCl and H 3 PO 4 [161] . High dilution factors of these acids with water provided controllable etch rates in the range 30-90 nm min −1 , with adequate selectivity to ZnO grown under the same conditions. Photoresist provided a stable and convenient mask for patterning ZnCdO in these acid solutions as shown in figure 35 . Both these dilute mixtures exhibited diffusionlimited etching for ZnCdO, with thermal activation energies of ∼0.4 kcal mol −1 . To fabricate the microstructure of ZnO by aniotropic etching, aqueous solutions of HCl and CH 3 COOH were used [162, 163] . Anisotropy of the etching rate caused the formation of microstructures corresponding to the crystal habit. Regarding etchant dependence, CH 3 COOH enabled the creation of structures with sharp edges and corners, while etching with HCl resulted in structures with rounded shapes as shown in figure 36 . The pits developed facets of (1 0 −1 −n); in particular, isolated pits etched with CH 3 COOH developed (1 0 1 −1) facets.
ZnO based light-emitting diode (LED)
Because p-type ZnO does not exist in nature, a ZnO metalinsulator-semiconductor (MIS) diode and p-n heterojunction LEDs have been demonstrated first. For the fabrication of p-n heterojunction LEDs n-type ZnO films were grown on other p-type materials such as SrCu 2 O 2 , CuGaS 2 , GaN and AlGaN due to the lack of reliable p-type ZnO [164] [165] [166] [167] [168] [169] . Hwang et al demonstrated a heterojunction LED using p-type ZnO on n-type GaN with an emission peak at 409 nm which was red-shifted from the ZnO band-edge emission of 368 nm due to the band offset at the interface [170] . Recently, several groups have also reported on p-n homojunction ZnO LEDs which showed rectifying I -V characteristics and electroluminescence (EL) at room temperature, but the threshold voltage did not match the bandgap of ZnO and the EL emission peaks were not considered to arise from the ZnO energy bandgap of 368 nm, but possibly from the defect levels in the ZnO films [117, [171] [172] [173] [174] [175] [176] . The failure to observe a near-band-edge (NBE) EL emission from ZnO LEDs can be attributed to the poor electrical and optical properties of p-type ZnO. Recently, Lim et al reported on a p-n homojunction ZnO LED, which shows an excellent electrical current rectifying behaviour with a threshold voltage of 3.2 V and an EL emission peak at 380 nm [177] . 
Light-emitting metal-insulator-semiconductor (MIS)
In 1974, Minami et al [178] fabricated a ZnO metal-insulatorsemiconductor (MIS) structure. He used evaporated SiO 2 as an insulating layer deposited on the ZnO single crystal substrate grown by hydrothermal synthesis. The emission spectrum showed a broad band extending from 2.0 to 3.3 eV and an intense peak at 3.13 eV under a high voltage pulse (400 MHz, 3 µs) of 250 V and a pulse current of about 2.6 A. No electroluminescence was observed under reversebias condition.
Shimizu et al [179] reported a ZnO MIS diode fabricated with an insulating ZnO layer. ZnO single-crystal films were grown on the sapphire substrate by chemical vapour deposition. The sample was then dipped in a 30% solution of H 2 O 2 to convert the surface of n-type ZnO into a i-type and an i-n junction. At room temperature, this diode emitted a defectrelated green spectrum, peaking at 2.5 eV under forward bias condition of 50 mA.
Alivov et al [180] fabricated a ZnO-based MIS junction using an isolation layer fabricated by N + ion implantation. I -V dependences showed a good rectifying diode-like behaviour with a low leakage current of 10 −6 A and a threshold voltage of about 3 V. Ultraviolet light emission under forward bias exhibited a maximum wavelength of 388 nm, a full width at half-maximum of 128 meV and a very weak defect-related green emission at room temperature. The injection current dependence of this EL emission was measured in the current range 20-100 mA, and an approximately linear dependence was observed, without any noticeable changes in the spectrum shape.
Wang et al [181] obtained band-edge and yellow EL from N + implanted bulk ZnO diodes similarly to that observed in MIS diodes. N + ion implantation at moderate doses (10 13 -10 14 cm −2 ) into nominally undoped bulk single-crystal ZnO substrates followed by annealing in the range 600-950
• C was used to fabricate diodes that show visible luminescence at 300 K and band-edge electroluminescence at 120 K (∼390 nm) under forward bias conditions. The EL intensity increased almost linearly with the injection current above the threshold. The current-voltage behaviour of the diodes is a characteristic of MIS devices.
Chen et al [182] realized fairly pure ultraviolet (UV) EL on a ZnO-based metal-insulator (SiO x , x < 2)-semiconductor structure on a silicon substrate, which was easily fabricated by reactive direct current sputtering and electron beam evaporation. The UV EL originating from the near-band-edge (NBE) emission of ZnO was achieved at room temperature when the device was under sufficient forward bias with the negative voltage applied on the silicon substrate. The integrated intensity of the UV EL peaking at 383 nm as a function of injection current is shown in the inset of figure 37. As shown in figure 37 , the UV EL intensity increased significantly with the current over 50 mA. Moreover, the intermediate SiO x layer should be thick enough to confine the electrons in the conduction band of ZnO beneath the ZnO/SiO x interface, which is critical for the generation of NBE emission from ZnO.
Heterojunction LED
Ohta et al [164, 165] reported a p-n heterojunction LED composed of transparent oxide semiconductors p-SrCu 2 O 2 and n-ZnO. A Ni/SrCu 2 O 2 /ZnO/ITO multilayered film was epitaxially grown on an extremely flat YSZ (1 1 1) surface by the pulsed laser deposition technique. The devices exhibited rectifying I -V characteristics inherent to p-n junctions. An emission spectrum centred at 382 nm was observed by applying a forward bias voltage greater than the turn-on voltage of 3 V, which is in good agreement with the energy difference between the ZnO donor level and the SrCu 2 O 2 acceptor level. In addition, increased EL intensity with an increase in the injection current was noticed without significant change in the band shape or the peak energy. The p-SrCu 2 O 2 /i-ZnO/nZnO heterojunction LED showed that the electric current increased suddenly when bias voltages exceeded 14 V, a value considerably greater than the intrinsic energy gap of either ZnO or SrCu 2 O 2 . Such a behaviour was due to K + ion diffusion into ZnO layer revealed by the SIMS analysis. Visible broadband emission centred at 500 nm was observed instead of the UV band by applying a forward bias voltage larger than 14 V.
Alivov et al [167] fabricated a n-ZnO/p-AlGaN heterojunction LED on 6H-SiC substrates. n-Type ZnO layers was produced by chemical vapour deposition stimulated by a rf-discharge plasma on Mg doped, while p-type Al 0.12 Ga 0.88 N was grown by hydride vapour phase epitaxy. The I -V characteristics showed a rectifying diode-like behaviour with a threshold voltage of ∼3.2 V, a high reverse breakdown voltage of almost 30 V and a small reverse leakage current of about 10 −7 A at room temperature. As shown in figure 38 , intense ultraviolet emission with a peak wavelength near 389 nm and a FWHM of 26 nm was observed when the diode was forward biased under an injection current of 20 mA; this emission was found to be stable at temperatures up to 500 K and shown to originate from recombination within ZnO due to large conduction band offset.
Osinsky et al [168] fabricated a p-n heterojunction LED from MgZnO/ZnO/AlGaN/GaN triple heterostructures. Energy band diagrams of the light-emitting diode structure incorporating piezoelectric and spontaneous polarization fields were simulated, revealing a strong hole confinement near the nZnO/p-AlGaN. The measured I -V characteristics of the triple heterostructure p-n junctions have rectifying characteristics with a turn-on voltage of ∼3.2 V. Electron-beam-induced current measurements confirmed the presence of a p-n junction located at the n-ZnO/p-AlGaN interface. Strong optical emission, as shown in figure 39 , was observed at ∼390 nm as expected for excitonic optical transitions in these structures. Experimental spectral dependence of the photocurrent confirmed the excitonic origin of the optical transition at 390 nm. Light emission was measured up to 650 K, providing additional confirmation of the excitonic nature of the optical transitions in the devices. Chichibu et al [169] observed greenish-white EL from p-type (0 0 1) CuGaS 2 chalcopyrite semiconductor epilayers grown on a (0 0 1) GaP substrate by metalorganic vapour phase epitaxy, due to electron injection from preferentially (0 0 0 1)-oriented polycrystalline n-type ZnO thin films deposited by the surface-damage-free helicon-wave-excited-plasma sputtering method. The structure was designed to enable the electron injection from n-type wide-bandgap partner for p-type CuGaS 2 forming the ZnO/CuGaS 2 heterojunction. The EL spectra exhibited emission peaks and bands between 1.6 and 2.5 eV.
So far, heterojunction LEDs have been constructed by depositing n-type ZnO or n-type MgZnO on various p-type semiconductor layers such as SrCu 2 O 2 , GaN and AlGaN. However, Hwang et al [170] showed electrical and optical properties of p-type ZnO/n-tye GaN heterojunction LEDs. A 1.6 µm thick Si-doped n-type GaN layer was grown on a sapphire substrate using a 25 nm thick GaN buffer layer in a metalorganic chemical vapour deposition system. After the growth of the Si-doped n-type GaN layer, the sample was transferred to an rf magnetron sputtering chamber to grow a phosphorus doped p-type ZnO layer of the thickness of 0.4 µm. Ohmic contacts to n-type GaN and p-type ZnO were made of Ti/Al (30/80 nm) and NiO/Au (30/50 nm), respectively. As shown in figure 40 , the I -V of the LED showed a threshold voltage of 5.4 V and an EL emission of 409 nm at room temperature. The EL emission peak at 409 nm was attributed to that the recombination of holes and electrons occurred in the p-type ZnO region and the EL peak from p-type ZnO would be expected to appear at 404 nm rather than at 385 nm due to the band offset of 0.13 eV at the interface of p-type ZnO and n-type GaN. The various heterojunction ZnO LEDs are summarized in table 3 together with the LED structure and the emission peak position.
Homojunction LED
Aoki et al [117] fabricated homojunction ZnO LED by using a laser-doping technique to form a p-type ZnO layer on an n-type ZnO substrate. A zinc-phosphide compound, used as a phosphorous source, was deposited on the ZnO substrate and subjected to excimer laser pulses. An attempt to prove the p-type nature of the P-doped layer by Hall measurements was not successful. The I -V characteristics showed a diode characteristic between the phosphorous-doped p-type ZnO and the n-type ZnO substrate. The EL spectrum, although noisy, showed a peak at 370-380 nm, which can be attributed to bandedge emission, and a band in the 400-600 nm region due to defect states under forward current injection at 110 K. Guo et al [171] fabricated ZnO LED by depositing a relatively high resistivity p(i)-ZnO layer on an n-ZnO singlecrystal substrate using the technique of N 2 O plasma-enhanced pulsed laser deposition. This ZnO LED showed nonlinear and rectifying I -V characteristics and a bluish white EL emission under forward bias, and its intensity increased with increases in the injection current.
Tsukazaki et al [172, 173] fabricated a ZnO LED grown by laser MBE using nitrogen as a p-type dopant on the ScAlMgO 4 substrate. The p-type ZnO was grown using nitrogen by a repeated temperature modulation technique. The ZnO LED showed good rectification with a threshold voltage of about 7 V. The threshold voltage is higher than the bandgap of ZnO (3.3 eV), mainly owing to the high resistivity of the p-type ZnO layer. The EL spectrum showed a luminescence peak centred Figure 41 . Electroluminescence spectrum from the p-i-n junction (thick line) and photo-luminescence (PL) spectrum of a p-type ZnO film measured at 300 K. The p-i-n junction was operated by feeding in a direct current of 20 mA. Reprinted with permission from [172] . Copyright 2005, Nature Publishing Group.
at around 440 nm, as shown in figure 41 . The near-bandedge (NBE) emission at the p-i-n junction was considered to be absorbed by the p-type overlayer. It is also worthnoting that the overall spectral line shape of the EL resembles that of the PL band observed for the p-type ZnO : N except for the spectral modulations, indicating that most of the radiative recombination occurs in the p-type layer.
Pan et al [174] fabricated homojunction ZnO LED on c-Al 2 O 3 . ZnO and N-doped ZnO thin films were grown by using a vertical reactor, rotating disc MOCVD. Diethyl zinc (DEZn) and oxygen (O 2 ) were used as precursors for Zn and O, respectively. NH 3 was employed as the source to provide p-type dopant by plasma. Atomic N from NH 3 was introduced into the ZnO films during growth. After the p-type material was annealed in air for 20 min at 500
• C, the I -V characteristics of the fabricated homo-junction LED exhibited rectification when reverse biased with a breakdown voltage of 10 V and a turn-on voltage of 3.3 V. The leakage current was orders of magnitude lower and the turn-on voltage was higher. EL spectra obtained from devices driven to 140 mA were dominated by a peak at 384 nm, which was attributed to the recombination between shallow donors and N luminescent centres on the p side of the junction.
Jiao et al [175] reported that a ZnO p-n junction LED was fabricated on a-plane Al 2 O 3 substrate by plasma-assisted molecular beam epitaxy. NO plasma activated by a radio frequency atomic source was used to grow the p-type ZnO layer of the LED. The current-voltage measurements at low temperatures showed a typical diode characteristic with a threshold voltage of about 4.0 V under forward bias. With [181] p-ZnO/n-ZnO, p-ZnO/MgZnO/ZnO/MgZnO/n-ZnO RF magnetron sputtering P 380 [182] increasing temperature, the rectification characteristic was degraded gradually and faded away at room temperature. The EL spectrum of the ZnO p-n junction LED was located in the blue-violet region and was weakened significantly with the increase in temperature. This thermal quenching of the EL was attributed to the degradation of the diode characteristic with temperature. The degradations of I -V and EL at high temperature implied the degradation of p-type conduction. The reasons for degradation of p-type conductivity in the hightemperature region could be considered as follows: (1) thermal ionization of some donor impurities in the p-type ZnO layer and (2) decrease in hole mobility. Ryu et al [176] presented results for ZnO-based UV LED that employed a BeZnO/ZnO active layer between n-type and p-type ZnO and Be 0.3 Zn 0.7 O layers. The active layer was composed of seven quantum wells (QWs) for which 7 nm thick undoped Be 0.2 Zn 0.8 O and 4 nm thick ZnO formed barrier and well layers, respectively. The p-type ZnO and BeZnO layers were formed with As as the acceptor dopant, while the n-type ZnO and BeZnO layers were formed with Ga as the dopant. The ZnO LED showed fairly good rectification with a threshold voltage of about 10 V and a leakage current of a few milliamperes. Two dominant electroluminescence peaks as shown in figure 42 were located in the ultraviolet spectral region between 360 and 390 nm from localized-exciton peaks in the active layer of the QWs, as well as a broad peak at 550 nm from donor-acceptor pair recombination.
Lim et al [177] realized an UV emitting diode using a ZnO p-n homojunction. The p-n homojunction consisted of phosphorous-doped p-type ZnO and gallium-doped n-type ZnO which were epitaxially grown on a c-Al 2 O 3 . Epitaxial n-type Ga-doped ZnO layers with a thickness of 1.5 µm were grown on a c-Al 2 O 3 substrate by rf sputtering deposition at 900
• C, using a ZnO target mixed with 1 wt% Ga 2 O 3 . For the p-n homojunction ZnO LED, a layer of p-type ZnO with a thickness of 0.4 µm was grown in situ on the n-type ZnO layer at 900
• C, using a ZnO target mixed with 1 wt% P 2 O 5 . For the ZnO LED with carrier confinement layers, two Mg 0.1 Zn 0.9 O epitaxial layers, each of 40 nm thickness, were deposited by co-sputtering MgO and ZnO targets on n-type ZnO. The rf power ratio for the MgO and ZnO targets was 1 : 4. The samples were subjected to a rapid thermal annealing (RTA) process for 5 min at 800
• C in a nitrogen atmosphere in order to activate p-type ZnO layers. The ZnO LED shows clear rectification with a threshold voltage of 3.2 V and a UV light emission at 380 nm. The threshold voltage was very close to a bandgap of ZnO (3.27 eV). The electroluminescence at 380 nm was attributed to the near-band-edge emission of p-type ZnO.
A comparison of this EL spectrum with the PL spectra of the p-type ZnO film suggested that the recombination of electrons and holes occurs mostly in p-type ZnO. The intensity of nearband-edge emission could be enhanced and the deep-level emission suppressed when Mg 0.1 Zn 0.9 O films were inserted in the n-type ZnO layer as electron blocking layers to confine the carrier recombination process to the high-quality n-type ZnO layer, as shown in figure 43 . Because the incorporation of Mg into ZnO increased the bandgap and the conduction band offset, the Mg 0.1 Zn 0.9 O film could act as a large-energy barrier for electrons and a as a low-energy barrier for holes. The various homojunction ZnO LEDs are summarized in table 4 together with the LED structure, the dopant for p-ZnO and the emission peak position.
